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Introduction
Safe water provision in emergency situations and in remote communities is a serious global problem [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . In such situations, available raw waters are often polluted by microbial and chemical contaminants. Several filtration systems suitable for rendering raw waters potable have been presented [1, 2, 7, [13] [14] [15] [16] [17] . For example, the Josab Aqualite TM System using a natural zeolite was developed and successfully used during the Balkan conflict and after the tsunami [7] . SONO filters based on a composite-iron matrix (CIM) is extensively used for arsenic removal at household level in rural Bangladesh and Nepal [1, 13] . Josab Aqualite TM Systems use ultra filtration and are available as portable and mobile units weighing from 95 to 1800 kg. Although Josab Aqualite 
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TM Systems have been presented [18] [19] [20] [21] [22] . These systems mostly use synthetic membranes and are rarely universally affordable.
In the developing world the application of low cost household water treatment technology of variable effectiveness (boiling, chlorination, filtration, solar disinfection) has been promoted in recent years in the frame work of efforts to achieve the Millennium Development Goals (MDG) for water [8, 23, 24] . Filtration was identified as the simplest efficient technology [13, 14 ,17] . The main research question is how to design a good stand-alone filter which operates for long time (e.g.
12 months or more) demanding neither electricity nor addition of chemicals. Based on recent progresses on understanding mechanistic aspects of aqueous contaminant removal in the presence of Fe 0 (e.g. in Fe 0 /H 2 O systems) [25] [26] [27] [28] . Fe 0 filters have been suggested as low cost, efficient systems for universal safe drinking water production [17, 29, 30] . Previous efforts using Fe 0 filters were limited to individual contaminants, e.g. arsenic [13, 15] or viruses [31] .
The main concern with Fe 0 filters is the reduction in pore space caused by mineral precipitation (mineral fouling or filter clogging). Fouling of the pore space reduces the porosity and hydraulic conductivity of filter [17, 32, 33] . Likely causes of filter clogging are: (i) adsorption of fouling substances (e.g. colloids), (ii) bio-corrosion, (iii) cake formation, and (iv) pore filling or filter 57   58   59   60   61   62   63   64   65   66   67   68   69   70   71   72   73   74 clogging. Bio-corrosion is microbial accelerated iron corrosion likely yielding to rapid clogging.
Generally, filter clogging is solved by using mechanical and chemical cleaning. The systems discussed in this communication should not need any cleaning operation apart from some possible intermittent additions of boiled water or lemon juice as recently discussed [17] . and sand as filter media was deduced. For the sake of clarity, the process of aqueous iron corrosion and its use in water treatment will be recalled.
Aqueous iron corrosion and contaminant removal in Fe 0 filters
Filtration through a layer of a suitable medium or a combination of media (anthracite, gravel, sand)
is an important process for water treatment [34, 35] . Based on the rate of filtration, filters are divided into slow and rapid types. [39] [40] [41] . In general, the solution pH, the abundance of dissolved O 2 (and other oxidizing agents), the dissolved ionic species, and the time-scale of the experiment can influence the nature of iron corrosion products [12] .
The presentation above clearly shows that aqueous iron corrosion inevitably generates various iron oxides which are larger in volume than iron in the metal lattice [42] [43] [44] [45] . This volumetric expansion is the fundamental cause of progressive filter fouling. Therefore, adsorption of fouling substances and cake formation will not be further considered in this work as they are clearly of secondary importance. On the other hand, adsorption of fouling substances can be ruled out as the Fe zone is implemented within a fine sand layer of a conventional Biosand filter [14] . As concerning cake formation, mixing Fe 0 and sand is a tool to retard or even eliminate this process.
Contaminant removal in an iron filter
While intentionally ignoring the interactions between Fe 0 and water, the initial filtration in an iron filter is comparable to slow sand filtration (Fig. 1) . As expansive corrosion products are generated, the initial pore space in the filter is progressively filled and the system is gradually transformed to an ultra-filtration one. Accordingly, regardless from physico-chemical interactions between contaminants, iron and corrosion products, contaminant removal by pure size exclusion (or adsorptive size exclusion) will inevitably occur with increasing service life. This fundamental aspect has received little attention to date as the scientific community was focused on interactions between selected contaminants and Fe [25] [26] [27] [28] . It is essential to note that the formation of corrosion products is a cycle of expansion/contraction [27] occurring in the pore space. During this process native iron (Fe 0 : SSA < 1 m 2 /g) is first transformed to voluminous iron hydroxides possibly having specific surface area (SSA) > 500 m 2 /g before progressively contracted to amorphous and crystalline oxides with SSA ≤ 10 m 2 /g. The voluminous colloid which is intermediary formed [51] during an expansion/contraction cycle can be compared to a spider web which traps inflowing contaminants and keeps them adsorbed while the colloid is further transformed. In other words, before the pore space becomes close enough for the Fe 0 filter to act as an ultra-filtration system, the expansion/contraction cycle traps contaminants from the infiltrating water. It is certain, that the kinetics of iron oxidation will decrease as soon as not enough space is available for expansive corrosion. This is a possible explanation for the controversial observation, that TCE removal rates were higher in a system with 85 wt-% Fe 0 than they were in a 100 % Fe 0 system (0 % sand) [52] . In the present study substituting a portion of Fe 0 by sand (an inert material) targets at retarding filter clogging. [52, 55] , In previous works, it was commonplace to consider that mixing Fe 0 with sand will diminish the rates of the decontamination process: (i) by decreasing the number of reactive sites, and (ii) by lowering the kinetic of contaminant mass transfer to the Fe 0 surface [52, 56, 57] .
In the present study it is acknowledged that Fe 0 filters are primarily filtrating systems (contaminant removal by adsorptive size exclusion and co-precipitation). Accordingly, a Fe 0 /sand filter is regarded as iron assisted slow sand filtration system (or iron assisted biosand filter) [14, 17, 58, 59 ].
In such a system, contaminants are primarily removed by adsorptive size exclusion. In the Fe 0 /sand reactive zone, size exclusion is actively improved by: (i) the cycle of expansion/contraction accompanying iron corrosion as discussed above, and (ii) iron corrosion products progressively filling the pore space possibly yielding to an ultra-filtration system (and at the term to a clogged system when the porosity is zero). That is the volume available for in-situ generated iron corrosion products (ICPs). Clearly, the volumetric proportion of Fe 0 (vol-%) in the initial filter should be preferentially given. Actually the weight percent (wt-%) is routinely given [52, 56, 57] . However, given the large difference of specific weight (ρ in kg/m 3 ) between iron (7,800 kg/m 3 ) and inert materials (< 2,700 kg/m 3 ), the weight percent is not primarily appropriate.
Discussing Fe 0 :sand ratios in a filter

Design
A conventional household biosand filter builds in a cylinder with 90 cm height and 30 cm width (Fig. 1a) will be modified to contain a reactive zone with ≤ 3 kg Fe 0 in the fine sand layer (Fig. 1b) .
In a conventional biosand filter the fine sand layer is about 40 to 50 cm high. [14] The aim of this investigation is to introduce a reactive zone (rz) of Fe 0 with a thickness H rz ≤ 10 cm in the fine sand layer.
The used iron fillings are spherical in shape with an average diameter of 1.2 mm. Spherical sand particles of comparable particle size are used to "dilute" It is assumed that Fe 3 O 4 is the sole iron corrosion product. This assumption is justified by the fact that a biosand filter ideally works under anoxic conditions. Therefore, the coefficient of volumetric expansion defined as the ratio between the volume of expansive corrosion products (V Fe3O4 ) to the volume of iron in the metallic lattice (V Fe ) is 2.1.
Rationale for the used design
The used Fe 0 mass (3 kg) corresponds to the minimum iron amount that was used in the three-pitcher filter in Bangladesh and Nepal [1, 58, 60] . The three-pitcher filter was very effective in arsenic removal for about six weeks, afterwards a decrease in removal efficiency was observed.
Accordingly, the Fe 0 containing pitcher would have been replaced up to eight times per year.
Moreover, the iron fillings in the filter became clogged and hardened (is transformed to a "cake") [15, 16] , and (ii) the SONO Arsenic Filter (SAF) [1, 13] . In SAF Fe 0 is replaced by a composite iron matrix (CIM) made up of Fe 0 and manganese oxides [1] . CIM has the property to sustain Fe 0 oxidation and thus in-situ produces reactive iron oxides for continuous As removal. Independent researchers have reported on the superiority of SAF on KAF [50] . On the other hand, first attempts to reproduce KAF in Vietnam were not successful [60] [61] [62] . One major reason of failure of KAF should be that the As removal unit ideally depletes dissolved oxygen necessary for effectiveness of biosand filters. The present design takes into account the enumerated weakness of three-pitcher filters and KAF filters.
Improved Fe 0 assisted biosand filters
Contaminant removal in slow sand filters ideally occurs in an in-situ generated biofilm (so-called Schmutzdecke). The Schmutzdecke is a biologically active layer consisting of algae, bacteria, diatoms and zooplankton. A ripening period of 6 to 8 weeks is required for this layer to form, during which time filter performance is sub-optimal [63] . Despite 130 years expertise with biosand filters, complete pathogen removal can not be guaranteed [14, 17] . On the other hand, the removal of 
Proportion of Fe 0 in the reactive zone
The experience with the three-pitcher filters taught that a reactive layer of 3 kg Fe 0 will be effective only for some six weeks; afterwards the whole layer is transformed to a sort of "cake". As discussed above replacing a portion of Fe 0 by an inert material will delay or even avoid cake formation. To test the suitability of Fe 0 :sand mixtures to sustain the long-term reactivity of Fe 0 assisted biosand filters, evolution of the residual porosity as function of the initial percent Fe 0 in the reactive zone is determined from a modeling of the filling of the pore space by iron corrosion products.
Modeling the evolution of the residual porosity
For granular materials, the compactness C (-) is defined as the ratio of the volume of the particles to the total packing volume (V = volume of the reactive zone). Considering the granular material (sand and Fe 0 ) as composed of mono-dispersed spheres subjected to soft vibrations, the compactness C is generally considered to be equal to 0.64 for a random close packing. The virtual compactness value
) for mono-dispersed spheres will not be considered in this study as it is far from reality [64] [65] [66] . In laboratory studies, the experimental value for compactness for each system can be determined and used to discuss achieved results. The initial porosity Φ 0 (-) of the reactive zone is then given by:
The filling of the porosity by iron corrosion products can be estimated from a simplified modelling (Fig. 2) based on the following assumptions:
(i) uniform corrosion: the diameter reduction of the particle is the same for all the Fe particles,
(ii) iron corrosion products are fluid enough to progressively fill available pore space, 
Discussion of modeling results
Calculations shown that the depth (or thickness) of a reactive zone of 425,093 spherical particles of 1.2 mm diameter (equivalent to 3 kg Fe 0 in a three-pitcher-like filter) is 8.5 mm vs. 30 mm (3 cm) in the device discussed by Pokhrel et al. [59] . While Fe 0 is spherical here, the samples used in some three-pitcher filters were commercial iron nails. Currently, granular Fe 0 is mostly available as chips or fillings. Therefore, for real situations the weights (kg) of iron and sand from Table 1 should be used. The calculation results are summarized in Table 1 . Recently, Gottinger [67] reported on a very efficient system containing only 30 vol-% Fe 0 for efficient As removal in a pilot plant for a small community in Saskatchewan/Canada. The results of
Gottinger [67] could be regarded as the first validation of the conceptual approach presented here.
Gottinger's design was based on primary calculations considered as a rough estimate by the authors [68, 69] . The present work has improved the calculus of Leupin et al. [68] calculations of the present study and the encouraging results of Gottinger [67] suggest that the huge potential of Fe 0 /sand filters is yet to be exploited.
Expanding the reactive zone
The presentation above has shown two important features: (i) a good Table 2 shows that the result of dilution 3 kg Fe 0 with various amounts of sand is a thicker reactive zone (up to 8.5 cm). The relative porosity Φ/Φ 0 versus the consumed iron proportion (% consumed Fe) is shown in Table 2 , Figure 3 , and Figure 4 . As discussed above, the trend is the same as for H rz = 8.5 mm. A similar identity is obtained for the evolution of the relative porosity Φ/Φ 0 (Fig 4) . In the case of extending the reactive zone, the two types of reactive zones described for a constant 
